Abstract 34
In S. cerevisiae, the Lys 164 moiety of PCNA can not only be mono-and polyubiquitinated, it 102 may also be SUMOylated. In contrast to ubiquitination, SUMOylation of PCNA occurs at the 103 onset of S phase, independently of DNA damage, and is directed by the SUMO-conjugating 104 enzyme Ubc9 in concert with specific SUMO ligase, Siz1. In the spontaneous mutagenesis 105 observed in rad18 mutants, in which Lys 164 of PCNA cannot be ubiquitinated, the mutagenic 106 DNA damage bypass mediated by Pol zeta is dependent on Siz1 (Stelter and Ulrich, 2003) . 107
The mechanisms underlying this mutagenic pathway are poorly understood. On the other 108
hand, it has been demonstrated that PCNA SUMOylation inhibits homologous recombination 109 
118
In this study, we further examine the role of Siz1, the factor responsible for PCNA 119 SUMOylation, in TLS. We show that Siz1 promotes both spontaneous and UV-induced 120 mutator phenotypes in yeast strains proficient in PCNA monoubiquitination but defective in 121
Mms2, Ubc13 and/or Rad5. Surprisingly, our results also indicate that Mms2-Ubc13 and 122
Rad5 may, independently of one another, stimulate TLS in yeast cells devoid of Siz1. Finally, 123 presented results point to the functioning of Siz1 in a novel mechanism, which contributes to 124 the maintenance of genome stability during replication. 125 can be stimulated by Siz1-mediated PCNA SUMOylation (Stelter and Ulrich, 2003) , we 135 examined whether this PCNA modification also stimulates the mutagenesis caused by Mms2 136 deficiency. The effect of disruption of SIZ1 on the rate of trp1-1 (amber) reversions and on 137 forward mutations leading to canavanine resistance (Can R ) was analyzed. In Mms2-deficient 138 yeast strains, the absence of PCNA SUMOylation caused decreases of 70% and 50% in trp1-139 1 reversions and Can R forward mutations, respectively, (Fig.1 AB) . (Fig.4 ACEG) . These results confirmed that Siz1-mediated inhibition of the Rad52 210 salvage pathway is an important factor in the mutator phenotype in cells defective in DDA 211
(the interplay between DDA, HR and TLS is summarized in Fig. S2 ). However, the effects 212 on UV-induced mutagenesis were more complicated. Although the deletion of RAD52 in 213 strains deficient in DDA (mms2 and/or rad5 mutants) and devoid of Siz1, caused an increase 214 in mutation frequency, the extent of these increases was surprisingly high (Fig.4 BDFH) . The 215 induced mutation frequencies in siz1mms2rad52 or siz1rad5rad52 triple mutants significantly 216 exceeded those observed in the initial mutator strains deficient in DDA (mms2 or/and rad5), 217
Rad52, or both (mms2rad52, rad5rad52). Since the mutator phenotypes of cells deficient in 218
HR and/or DDA completely depend on activity of Pol zeta, we checked whether Rev3, the 219 catalytic subunit of this TLS polymerase, is also required for hyper-mutator phenotypes of 220 siz1mms2rad52 and siz1rad5rad52 triple mutants. Deletion of the REV3 gene in both 221 siz1mms2rad52 and siz1rad5rad52 triple mutants eliminated over 90% of spontaneous and 222 UV induced mutations. Namely, the frequencies of spontaneous mutations leading to TRP 223 prototrophy in siz1mms2rad52rev3 and siz1rad5rad52rev3 were 0.29x10 -7 and 0.11x 10 -7 , 224 respectively. The frequencies of UV induced mutations were 2.4x10 -7 and 0.8x10 -7 for 225 siz1mms2rad52rev3 and siz1rad5rad52rev3, respectively. These results indicate that Pol zeta 226 activity is responsible for the hyper-mutator phenotype occurring in DDA and HR deficient 227 strains in response to Siz1 deficiency. This hyper-mutator phenotype cannot be explained by 228 switching off the antirecombinogenic activity of Siz1. We conclude that besides its function 229 in the inhibition of HR, Siz1 plays an additional unknown role in controlling genetic stability 230 in response to UV radiation. To further characterize this additional role of Siz1, we 231 investigated the effects of Siz1 and/or Rad52 deficiency on the UV sensitivity of cells 232 carrying RAD5 and/or MMS2 deletions (Fig.5 ). In agreement with the findings of a previous 233 study suggesting specific suppression of UV sensitivity, caused by DDA pathway defects, by 234 dysfunction of a Siz1/Srs2 anti-recombinogenic mechanism (Broomfield and Xiao, 2002), we 235 found that deletion of SIZ1 largely suppressed the UV sensitivity of the rad5 mutant. 236 Surprisingly, this suppression was not seen in cells defective in Mms2, and under the 237 experimental conditions employed, the mms2siz1 double mutant was slightly but consistently 238 more sensitive than the mms2 single mutant. This result indicates that siz1-mediated 239 suppression of UV sensitivity, caused by rad5 mutation, is not related to the DDA deficiency 240 conferred by this mutation (since both mms2 and rad5 mutations result in DDA deficiency). 241
Intriguingly, we noticed that in the siz1 background, UV sensitivity due to Rad5 deficiency 242 was similar to that caused by the absence of Mms2. This similarity, existing only in Siz1-243 deficient cells of S. cerevisiae, resembles the situation in S. pombe, where PCNA is normally 244 not SUMOylated and mms2 and rad5 cause similar UV sensitivity (Frampton et al., 2006) . 245
Disruption of RAD52 appeared to neutralize the suppression of rad5-mediated UV 246 sensitivity by siz1, in a manner similar to that seen in siz1-mediated suppression of UV 247 sensitivity in rad18 mutants (Pfander et al., 2005) . However, the siz1rad5rad52 and 248 siz1mms2rad52 triple mutants and the siz1mms2rad5rad52 quadruple mutant were 249 significantly more sensitive to UV radiation than rad5rad52, mms2rad52 and 250 mms2rad5rad52 mutants, respectively ( Rad5-Ubc13-Mms2 is required for TLS stimulation and, in consequence, that the PCNA 294 polyubiquitination plays stimulatory role in TLS. However, according to our epistatic 295 analysis, whereas Mms2 and Ubc13 function together (Fig.2 C and S1C) , which strongly 296 suggests that the E2 activity of the Mms2/Ubc13 complex is important in stimulation of TLS, 297
Rad5 affects TLS independently of Mms2 and Ubc13 (Fig.2 AB and S1AB ). Since 298 stimulation of TLS by Mms2-Ubc13 occurs in Rad5-deficient cells in which PCNA cannot be 299 polyubiquitinated, it may be assumed that Mms2-Ubc13-dependent polyubiquitination of 300 other than PCNA, currently unknown target favors Pol zeta-dependent TLS. Analogously, it 301 may be also assumed that separate function of Rad5, other than that involved in DDA, is 302 engaged in TLS stimulation (Fig.2 AB and Fig.3) . The presence of Rad5 in stalled replication 303 forks, performing a role that is independent of its activity in DDA, may be due to its 304 suppression effect of siz1 on Pol zeta-dependent TLS analyzed in our experiments was also 326 found to be neutralized by deletion of RAD52 (Fig.4 A) . These data may be interpreted in a 327 manner analogous to that employed to explain previous results concerning UV sensitivity 328 Our results on the UV sensitivity of the analyzed mutants further support the notion 340 that the observed differences between the functions of Mms2 and Rad5 homologs in S. 341 cerevisiae and S. pombe result from the presence or absence, respectively, of PCNA 342 SUMOylation in these organisms. Surprisingly, we found that while Siz1 deficiency 343 suppresses the lethal effects of UV radiation in rad5 mutants (Fig.5 B) , it does not suppress 344 the UV sensitivity of mms2 mutants (Fig.5 A) . This finding challenges the idea that 345 suppression of genetic defects within the RAD6 pathway, due to the absence of Srs2-mediated 346 HR inhibition, is related specifically to DDA. In previous investigations (Ulrich, 2001 ; 347 
